Mapping the X-Ray Emission Region in a Laser-Plasma Accelerator 
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The x-ray emission in laser-plasma accelerators can be a powerful tool to understand the physics 
of relativistic laser-plasma interaction. It is shown here that the mapping of betatron x-ray radia- 
tion can be obtained from the x-ray beam profile when an aperture mask is positioned just beyond 
the end of the emission region. The influence of the plasma density on the position and the lon- 
gitudinal profile of the x-ray emission is investigated and compared to particle-in-cell simulations. 
The measurement of the x-ray emission position and length provides insight on the dynamics of the 
interaction, including the electron self-injection region, possible multiple injection, and the role of 
the electron beam driven wakefield. 



Remarkable advances in relativistic laser-plasma in- 
teraction using intense femtosecond lasers have led to 
the development of compact electron accelerators and x- 
ray sources with unique properties. These sources use 
the very high longitudinal electric field associated with 
plasma waves, excited in an under-dense plasma by a rel- 
ativistic laser pulse, to trap and accelerate electrons to 
relativistic energies [I]. For laser and plasma parameters 
corresponding to the bubble or blowout regimes [2, 3], 
the production of quasimonoenergetic electron beams 
was demonstrated [4]. During their acceleration, these 
electrons perform transverse (betatron) oscillations due 
to the transverse focusing force of the wakefields. This 
leads to the emission of bright and coUimated femtosec- 
ond beams of x rays [5-7]. Such a compact and cost ef- 
fective x-ray source could contribute to the development 
of emerging fields such as femtosecond x-ray imaging [8] . 
The x-ray emission can be exploited as well to provide 
information on the physics of laser-plasma interaction, 
such as electron trajectories in the bubble [9]. 

In this Letter, we demonstrate that by measuring the 
position and the longitudinal profile of the x-ray emis- 
sion, one can determine important features of the interac- 
tion: laser pulse self-focusing, electron self-injection and 
possible multiple injection, as well as the role of the elec- 
tron beam wakefield. The method relies on the observa- 
tion, in the x-ray beam profile, of the shadow of an aper- 
ture mask adequately positioned just beyond the end of 
the emission region. The size of the shadow on the x-ray 
image permits us to determine the longitudinal position 
of the x-ray emission in the plasma, while the intensity 
gradient of the edge of the shadow yields the longitudi- 
nal profile of the emission. Because the x-ray emission 
position and length are closely connected to the electron 
injection position and the acceleration length, this mea- 
surement provides a unique insight into the interaction. 
Particle-in-cell (PIC) simulations are performed to ana- 
lyze the experimental results. 

The experiment was conducted at Laboratoire 



d'Optique Appliquee with the "Salle Jaune" Ti:Sa laser 
system, which delivers 0.9 Joule on target with a full 
width at half maximum (FWHM) pulse duration of 35 
fs and a linear polarization. The laser pulse was focused 
inside a capillary at 3.5 ± 1.5 mm from the entrance, 
with a //1 8 spherical mirror. The FWHM focal spot 
size was 22 /im, and using the measured intensity dis- 
tribution in the focal plane we found a peak intensity of 
3.2 X 10^* W.cm^^, corresponding to a normalized ampli- 
tude of Co = 1.2. The target was a capillary made of two 
Sapphire plates with half-cylindrical grooves of diameter 
rfcap = 210 /im and a length of 15 mm, filled with hydro- 
gen gas at pressure ranging from 50 to 500 mbar. The 
target acts as a steady-state-flow gas cell [10]. The capil- 
lary wall surface roughness is around 1 /xm, and therefore 
X rays cannot be reflected by the capillary wall. In addi- 
tion, from our laser contrast of 10^, / number and capil- 
lary diameter, we estimate that the pedestal intensity on 
the capillary wall is smaller than 10^ W.cm^^, and thus 
no preplasma is formed before the x-ray pulse arrival. 
We measured either the x-ray beam profile using an x- 
ray CCD camera (2048 x 2048 pixels, 13.5 x 13.5 //m^), 
set si D — 73.2 cm from the capillary exit and protected 
from the laser light by a 20 /im Al filter, or the electron 
beam spectrum with a focusing-imaging spectrometer. 

In our experiment, the betatron emission had a diver- 
gence larger than the opening angle associated with the 
capillary exit, which acts as the aperture mask. The 
x-ray beam was thus clipped by the capillary [11]. Fig- 
ures l(a)-l(c) present a sample of shadows of diverse sizes 
corresponding to different longitudinal positions of the 
source, zx- 

If X rays were emitted from a point source the edge of 
the shadow would be perfectly sharp. In contrast, for a 
finite source size, the edge has a finite intensity gradient 
which depends on the transverse and longitudinal dimen- 
sions of the source. Previous experiments reported trans- 
verse source sizes on the order of 1-2 //m [7, 9, 12-14]. 
In our configuration, the observed intensity gradients are 
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FIG. 1. (a)-(d) Single shot measurements of x-ray transverse 
profiles showing the shadow of the capillary exit, whose size 
permits us to deduce the emission position zx in the plasma. 
The asymmetric shape of the shadows is due to a slight mis- 
alignment of the two parts of the capillary. Each x-ray image 
has a 2.76 cm x 2.13 cm size, and the camera is situated at 
D = 73.2 cm from the capillary exit. The x-ray image (d) 
shows an example of two separate emission positions. The 
horizontal edges in (c) and (d) are due to a rectangular aper- 
ture located a few centimeters after the target, (e) Schematic 
illustrating how the z axis, and the functions reap (6') and 

^shadow 

{9) are defined. Note that each image corresponds to 
different experimental conditions. In particular, (c) was ob- 
tained with a preformed plasma waveguide using a capillary 
discharge [20]. 



much larger than those induced by such a transverse size. 
For zjf = 5 mm, a transverse source size of 1-2 /zm gives 
the same gradient as a longitudinal extension of 100-200 
/zm, which gives a limit on the longitudinal resolution of 
the method. The gradient length is therefore dominated 
by the longitudinal extension of the source and x rays are 
considered as emitted from a line source. In the following, 
we use a cylindrical coordinate system (r, 9, z) whose z 
axis is the line source axis. If ^entrance = corresponds to 
the entrance of the capillary and Zoxit to the exit, then the 
x-ray emission position is given for rcap(0) ^ ?'shadow(^) 
by Zx ^ Zcxit - rcap(6')-D/rshadow(6'), where rcap(6') [re- 
spectively rshadow(^)] is the radial distance between the 
z axis and the capillary edge (respectively the shadow 



edge) in the direction defined by the angle 9 [see Fig. 
1(e)], and D is the distance between the capillary exit 
and the observation plane. For a perfectly circular cap- 
illary exit and a line source on the capillary axis, rcap(^) 
simplifies to dcap/2, but a more general capillary exit 
shape and an arbitrary position or orientation of the line 
source can be represented by the function rcap(^). 

Assuming the betatron x-ray beam profile without the 
mask is constant on the gradient scale length (a reason- 
able approximation for our experimental results), the sig- 
nal profile reads: 

Jz(rfi) dz' 

with z{r,9) = Zcxit - rcap{9)D/r £ [^^ontrancc, ^^cxit]- In 

Eq. (1), dl{z') is the x-ray signal that originated from 
the emission between z' and z' + dz' , and S{r,9) is the 
signal measured at a given position (r, 9) on the detector. 
Equation (1) can be understood as follows. For a position 
(^Oj^o) on the detector, rays coming from z' < z{rQ,9o) 
are blocked at the capillary exit, and therefore the sig- 
nal measured at (ro,0o) is the sum of the signal emitted 
between z(ro,0o) and Zexit- 

Taking the derivative of Eq. (1), the longitudinal pro- 
file of the x-ray emission dl{z)/dz can be expressed as a 
function of the radial profile in the detection plane: 

dljz) ^ dS[r{z,9),9] r{z,9f 
dz Or r,,p{9)D' ^ ' 

with r{z, 9) = rcap{9)D/{zexit—z)- If Sz and Sr{9) are, re- 
spectively, the characteristic emission and intensity gra- 
dient lengths, Eq. (2) leads, for 6z/{zexit — zx) <C 1, 
to Sz w Sr{9){zcxit — zxY /rca,p{9)D. Thus, the measure- 
ment of the shadow size r-shadow(^) and the gradient 5r{9) 
yield, respectively, the longitudinal position zx and the 
longitudinal length 5z of the x-ray emission. The full 
emission profile dl{z)/dz is retrieved from dS/dr using 
Eq. (2). Further, the transverse displacement of the 
shadow and the asymmetry of 5r{9) give information on 
the position and orientation of the line source. For exam- 
ple, we observed experimentally a drift of the line source 
which was correlated to a low vertical drift of the laser 
pulse. In addition, the asymmetry in dr{9), as observed 
in Fig. 1(b), cannot originate from the transverse source 
size and is a signature of the longitudinally induced edge 
intensity gradient. This confirms that the gradient length 
is dominated by the longitudinal extension of the source. 

We now apply this method to study the influence of 
the plasma electron density Ue on the x-ray emission 
position Zx, and longitudinal extension Sz. No x ray 
is observed for electron density Tig < 10^^ cm~^, and 
the x-ray signal is increasing with rig. At the density 
range 10^9 cm-3 < < 2.5 x 10^^ cm we observed 
broadband electron beams with energies from 100 to 400 
MeV, with sometimes some monoenergetic components. 
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FIG. 2. Experimental results obtained in a steady-state-flow 
gas cell laser-plasma accelerator. Top: position of the be- 
ginning of the x-ray emission region zx (orange circle), and 
emission length 5z (defined such that 70% of the signal is 
emitted in 5z) (black triangle), as a function of the electron 
density. Each measurement point corresponds to an average 
over 5 to 7 shots, and the vertical error bars give the stan- 
dard error of the mean. Middle: examples of raw lineouts of 
the edge intensity profiles Sir). Bottom: the corresponding 
single shot x-ray emission longitudinal profiles dl{z)/dz, in 
which high frequency noise is removed by a parabolic Fourier 
filter [F{k) = l-{k/k^f for k ^ kc, F{k) = otherwise] with 
a spatial cutoff frequency fcc = 16 mm^^. The scale length 
associated to this filtering is Ac = 390 /im. 



and charge in the few tens of pC range. Figure 2 shows 
the experimental results: the behaviors of zx and 5z with 
respect to the electron density on the top, as well as sin- 
gle shot raw lineouts of the edge intensity profiles S{r) 
(middle) and the corresponding x-ray emission profiles 
dl{z) I dz (bottom) for different densities. The error on 
^^cxit — -Zx, due to the uncertainty on the capillary exit 
diameter resulting from laser damage, is estimated to be 
inferior to 1%. 

To interpret these results, we performed 3D PIC sim- 
ulations with the numerical code described in Ref. [15], 
which uses a Fourier decomposition of the electromag- 
netic fields in the azimuthal direction. The first two 
modes are retained, which allows us to describe the lin- 
early polarized laser field and a quasicylindrical wake- 
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FIG. 3. PIC simulation results, (a) X-ray emission profiles 
for ne = 2.5 x 10^^ cm"^ and = 1.5 x lO^'' cm-^ (b) 
Evolution of the laser amplitude oq. (c) Injected charge per 
unit length as a function of the position in the capillary (an 
electron is considered as injected when it attains 20 MeV). 



field. The normalized laser amplitude was taken as 
oo = 1.1, the FWHM focal spot width was 22 /im and the 
FWHM pulse duration 35 fs. The focal plane was located 
inside the capillary at 2.2 mm from the entrance. As the 
x-ray wavelengths are not resolved by the grid used in the 
simulations, x-ray emission was computed by using the 
trajectories of trapped electrons obtained from the PIC 
code and the Lienard-Wiechert fields to calculate the ra- 
diation emitted by electrons [16]. Figure 3(a) presents 
the calculated x-ray emission profiles for = 1.5 x 10^^ 
cm~'^ and — 2.5 x 10^^ cm~'^, which reproduce quali- 
tatively the experimental profiles. 

Experimentally, the position of the beginning of the 
x-ray emission zx varies from 4.1 mm to 2.7 mm when 
rie increases from 1.5 x 10^^ cm~^ to 2.5 x 10^^ cm^'^. 
This behavior can be explained by the influence of rig on 
the laser propagation in the plasma. At higher density, 
the laser pulse self-focuses and self-steepens more quickly 
and towards a smaller transverse spot size [17], as shown 
by the simulated oq profiles in Fig. 3(b). As a result, it 
attains sufficiently large oq to trigger electron trapping 
and then x-ray emission on a smaller propagation dis- 
tance. Moreover, electron self-injection is facilitated at 
high density, due to the stronger wakefield amplitude and 
the reduced wake velocity and wave-breaking threshold. 
Therefore, as can be seen in Fig. 3(b) and 3(c), at low 
density, electron trapping is delayed with respect to the 
beginning of the plateau (ao > 4), which contributes 
to an x-ray emission beginning later. 

Figure 2 shows that the emission length 8z (in which 
70% of the signal is emitted) depends also on the electron 
density. It increases from 430 /im to 810 /im when the 
density varies from 1.5 x 10^^ cm^'^ to 2.5 x 10^^ cm~'^. 
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FIG. 4. Simulated wakefield at the end of the laser-plasma 
interaction for — 2.5 x 10^^ cm~'^. (a) Electron density n^., 
normalized by the critical density Uc = m^eQbP' j , where to 
is the laser frequency, (b) Transverse force Fx ~ —e(Er — 
cBe), normalized by meCio. (c) Transverse force without the 
influence of the electron beam (the laser pulse is extracted 
and injected in a homogeneous plasma in order to calculate 
the wakefield induced by the laser pulse only). 



Further, at high density, the x-ray emission length ex- 
tends well beyond the dephasing and depletion lengths 
(the orders of magnitude are respectively Ld 200 
and Lpd ^ 500 /im for rig = 2.5 x lO-'^^cm"^ considering 
Lu's model [3]). 

To understand why x-ray emission can continue after 
the dephasing length or after the fall of qq, we simulated 
the wakefield excited by the laser pulse only (without 
the influence of the electron beam) at a late time. Fig- 
ure 4 shows the simulated wakefield at z — 2.35 mm for 
the high density case, and the corresponding transverse 
force Fj_ ~ ~e{Er — cBg) with and without the influence 
of the electron beam. At this late time, the laser pulse 
is unable to excite a strong transverse wakefield and the 
wakefield is excited mainly by the electron beam [com- 
pare Figs. 4(b) and Fig. 4(c)]. Hence, a transverse fo- 
cusing wakefield is maintained by the electron beam such 
that electrons continue to oscillate and to emit x rays. It 
corresponds to a smooth transition from a laser wake- 
field accelerator to a plasma wakefield accelerator [18] in 
which the wakefield is excited by a particle beam [19]. 
Therefore, x-ray emission is no longer limited by the de- 
phasing length or by the laser depletion. This explains 
why the x-ray emission length at ~ 2.5 x 10^^ cm^'^ 
is comparable to Ue = 1.5 x 10^^ cm^"^ in the simulation, 
while the peak ao profile is significantly shorter in length 
in the former case. 

The behavior of 6z{ne), particularly visible on the ex- 
perimental results, could be explained by a higher nor- 



malized particle beam density Hp/rie at high density, fa- 
voring an electron beam excited transverse wakefield and 
a late x-ray emission. 

During the experiment, multiple emission positions 
were observed on some shots, as shown for instance in 
Fig. 1(d), where x rays are emitted at zx = 4.6 and 
zx — 6.7 mm. This can be explained by oscillations of 
the laser pulse amplitude uq during its propagation in 
the plasma. The wakefield amplitude is sufficiently high 
to trap electrons only when oq is at its maximum, lead- 
ing to multiple electron injection and therefore multiple 
emission positions. 

In conclusion, we developed a novel method to map 
the longitudinal dependence of x-ray emission in a laser- 
plasma accelerator and demonstrated the possibility to 
measure single shot x-ray emission longitudinal profiles. 
This method provides detailed information on the inter- 
action. In particular, we showed that, at high density, 
x-ray emission begins sooner because of the faster self- 
focusing and self-steepening of the laser pulse, and that 
the electron beam driven wakefield plays an important 
role in the late x-ray emission. One of the major goals 
for laser-plasma accelerators consists in increasing the 
acceleration length, either by guiding the laser pulse or 
using higher laser energy. In this context, this method, 
which can also be used with gas jets by using a small 
aperture near the source, will allow us to understand 
over which distance self-focusing and self-steepening take 
place, where electron injection occurs and over which dis- 
tance acceleration and x-ray emission happen. 
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